broader resonances due to localization processes contribute significantly to the deviation from the Drude optical conductivity dispersion. As verified by independent electrical measurements, the DL model accurately determines the electrical properties of the thin film, including DC conductivity, charge density, and (anisotropic) mobility. The ellipsometric method combined with the DL model may thereby become an effective and reliable tool in determining both optical and electrical properties of ECPs, indicating its future potential as a contact-free alternative to traditional electrical characterization.
Introduction
Since the discovery of the first conjugated polymer in 1977, there has been tremendous progress in the field of electrically conducting polymers (ECPs), both at the fundamental level and in terms of practical applications. [1] [2] [3] [4] [5] Owing to their intriguing physical properties, modern ECPs, such as polyaniline, polypyrrole, and polythiophene, are widely used in optoelectronics, biomedical systems, and renewable energy devices. 2, [6] [7] [8] [9] Tuning and improving their properties via chemical or electrochemical doping further enables meeting the requirements for applications like (commercialized) transparent electrodes. 10, 11 Charge transport in ECPs is related to local polaronic charges situated along the polymer backbone. Thermallyassisted hopping of these polaronic species between neighboring polymer chains then facilitates macroscopic electrical conductivity in the material. 4, 12 The polarons are relatively well understood in terms of energy levels, spin and DC transport. 13 However, there are controversies regarding suitable models to describe the materials' AC behavior and extension to optical conductivity,
The complex-valued optical conductivity (s) is interconnected with the permittivity or dielectric function (e) of the material via: 18, 19 s(o) = ie 0 o[e N À e(o)], (1) where e N is the permittivity offset at high frequencies (beyond the measurement limits), i is the imaginary unit, e 0 is the vacuum permittivity, and o is the angular frequency. 18 The frequency dependent permittivity dispersion is commonly derived from reflectivity measurements (for UV to IR ranges). 14, [20] [21] [22] [23] [24] [25] This approach involves integration over all frequencies via Kramers-Kronig transformation and therefore requires assumptions of the optical behavior beyond the experimental frequency range. 24 In turn, the obtained permittivity dispersion is sensitive to details of these extrapolated data, especially at lower frequencies approaching zero. Small differences in the extrapolation parameters might therefore lead to significantly different interpretations of the optical behavior of the same material. [26] [27] [28] [29] In addition, thin films of ECPs are often highly anisotropic, while commonly employed reflectance and transmittance measurements are based on normal incident light and only provide information for the electric field polarization parallel to the substrate surface. Spectroscopic ellipsometry (SE) is a well-established precise, and sensitive method for characterizing optical properties of materials. 15, [30] [31] [32] [33] [34] By measuring polarization changes of reflected (or transmitted) light at oblique incident angles, the material properties can be accurately determined through a best-fit permittivity (optical conductivity) model, without need for Kramers-Kronig transformation and related extrapolations. 15, 30, 35 SE can provide information on various material properties, such as optical anisotropy, interband transitions, and vibrational resonances. [31] [32] [33] [34] Depending on the physical model used, the best-fit model parameters can also be used to determine electrical properties, such as DC conductivity, charge density, and anisotropic mobility. The main limitation in applying this approach for ECPs is that there is no widely accepted optical conductivity model that account for all features of the materials, including the anomalous non-Drude behavior at low frequencies. In turn, physical parameters (e.g. charge density, mobility) obtained using different proposed models can vary significantly and deviate from values obtained by direct electrical characterizations. [36] [37] [38] [39] We also note that a nonDrude behavior might occur in the far infrared (FIR) or even in the THz range, which until recently was beyond the reach of state-of-the-art ellipsometry instrumentation. 40 Recent progress in frequency-domain THz technology (e.g. backward wave oscillator light sources) now enable SE down to 0.1 THz. [40] [41] [42] THz and FIR ellipsometers, combined with their counterparts in higher energy ranges, make it possible to investigate material properties in an ultra-wide spectral range. 43 To our best knowledge, ECPs have not previously been investigated by SE in a wide spectral range including the THz and FIR regions.
Here, we investigate the permittivity and optical conductivity of ECPs using ultra-wide spectral range ellipsometry (UV to THz range). The ellipsometric data were acquired using custom-built THz and FIR ellipsometers, 40 combined with their counterparts in the ultraviolet-visible-near infrared (UV-Vis-NIR) and midinfrared (MIR) ranges. As model ECP system, we use thin films of poly [3,4-ethylenedioxythiophene] (PEDOT), which is the most widely used ECP for organic electronic devices, owing to its attractive optical and electrical properties. 16, 22, 36, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] More specifically, we employed vapor phase polymerization (VPP) to synthesize thin films of highly conductive PEDOT:tosylate (PEDOT:Tos, where tosylate is the counterion balancing the charge). 54 VPP PEDOT:Tos typically has a high degree of order and has been reported to exhibit semi-metallic behavior, making it further more attractive for a comprehensive frequency-dependent optical conductivity study. 20, 49 Suitable optical conductivity models for PEDOT and other ECPs have been long debated without reaching consensus. Instead of the widely used Drude Smith (DS) model 17 and localization-modified Drude (LMD) model, 14, 23 both of which we will briefly recall below, we employ a model based only on a Drude term and multiple positive-amplitude Lorentz oscillators. This Drude-Lorentz (DL) model shows an excellent fit to the ellipsometric data and reproduces the fine features in the full spectral range. In turn, this allows us to reveal for the first time the optical conductivity and permittivity dispersions of an ECP in the ultra-wide spectral range from UV to THz. Detailed analysis of the optical conductivity enables identification of interband transitions, molecular vibrations, localization effects, and optical anisotropy of the PEDOT:Tos thin film. We find that vibrational resonances, rarely accounted for in studies of ECPs, 22-24 contribute significantly to the overall non-Drude optical conductivity behavior of the PEDOT:Tos film. As verified by independent electrical measurements, the combined ultrawide SE and DL model approach provides accurate values for the electrical properties of the material, including electrical DC conductivity, charge carrier density, and (anisotropic) mobility. This illustrates that the methodology could be used as a non-contact and damage-free methodology for characterizing optical and electrical properties of ECPs. By varying a few fit parameters, the DL model could easily be applied to PEDOT:Tos films of different thicknesses, with good fit to experimental data.
Experimental

Chemicals
CLEVIOSt C-B 54 V3 (54% wt/wt iron(III) p-toluene sulfonate (Fe(Tos) 3 ) in n-butanol) was purchased from Heraeus (Germany). EDOT monomer (142.18 g mol À1 ) and the triblock copolymer poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG) (5800 g mol À1 )
were purchased from Sigma-Aldrich. All materials were used as received with no further purification. 
Optical characterization
UV-Vis-NIR absorption measurements were performed using a Lambda 900 spectrometer (PerkinElmer) and spectra were recorded from 350 to 2000 nm with steps of 1 nm. For FTIR measurements, the samples were deposited on un-doped double side polished silicon wafers (University Wafer Inc., United States). Equinox 55 spectrometer (Bruker) was used to acquire FTIR spectra of the samples in transmission mode using a resolution of 4 cm À1 and 20 scans.
Electrical and thickness characterization
Sheet resistance, R s , was measured on the film surface via a 4-point probe set-up using a Signatone Pro4 S-302 resistivity stand and a Keithley 2400. Film thickness, t, was measured by a surface Profiler (Dektak 3st Veeco). The conductivity was then calculated using the equation s = 1/(R s t).
Electrochemical chronocoulometry
The setup is based on the three-electrode configuration: Metrohm Ag/AgCl (3 M NaCl) double junction reference electrode and a platinum mesh electrode. Measurements were performed at room temperature in acetonitrile solution with 10 mM LiClO 4 as supporting electrolyte and measured by a computer-controlled potentiostat (SP200, BioLogic). The PEDOT:Tos samples were deposited on ITO glass substrates.
To measure charge density of the PEDOT:Tos film, a constant voltage of À0.35 eV was applied to the sample to expel the tosylate ions from the film and making it neutral without charge carriers (holes). The charge density in the PEDOT:Tos film equals the concentration of tosylate ions, as widely revealed based on X-ray photoelectron spectroscopy and other studies. 44 Therefore, measuring the charge depletion over time until complete de-doping of the film gives the total initial charge carrier density of the film. The charge depletion process was recorded over a timescale of 2 min until the whole system was stable with no more charge being removed from the film.
Ellipsometry measurements
Ellipsometry data were collected from four different instruments covering a spectral range from 0. ), and at two angles of incidence F A (401 and 601). FIR measurements were performed on an in-house-built rotatingpolarizer rotating-analyzer far-infrared ellipsometer at University of Nebraska, Lincoln. The acquired data of four angles of incidence F A (401, 501, 601, and 701) were in the spectral range from 3.7 meV to 84 meV (from 30 to 679 cm
À1
). THz measurements in the spectral range from 0.41 meV to 4.1 meV (from 100 GHz to 1 THz) were performed employing the THz ellipsometer at the Terahertz Materials Analysis Center at Linköping University. 40 Three angles of incidence F A (401, 501 and 601) were used for THz measurement.
All measurements were performed in normal ambient at room temperature. The typical ellipsometry measurement measures the complex reflectance ratio r at different frequencies, which can be calculated via the formula:
where r p and r s are the complex Fresnel reflection coefficients for p-(parallel to the incident plane) and s-(perpendicular to the incident plane) polarized light; c describes the amplitude ratio change of the two polarizations; and D indicates the phase difference between them. 55 These parameters can then be presented using the NCS notation (N = cos(2c), C = sin(2c)cos(D), and S = sin(2c)sin(D)). 34 N, C, and S are interdependent and thus only two of them are sufficient for data interpretation.
Ellipsometry data analysis
WVASE s software (J. A. Woollam Co.) was used for data analysis. SE data analysis is based on model approaches, where the sample is described by a box model (homogeneous layer approach and modelled using Fresnel reflection or transmission equations and matrix transfer algorithms). Model approaches are then used to render the frequency dependence of the permittivity of the materials constituents within the samples. The models are presented and discussed in Sections 3 and 4.3. A best-match model approach is employed, based on non-linear numerical regression algorithms that determine the best-match between calculated and experimental ellipsometry data by varying model parameters, such as the thickness of the sample and model permittivity parameters. The best-match model approach is obtained when the weighted error function reaches its minimum and the best-match model parameters are reported as the results. The same numerical analysis determines the amount of correlation between best-match model parameters as well as their numerical uncertainty, reported here within the 90% confidence interval. A confidence interval describes the range within which a given best-match model parameter will be found again upon repeating the numerical best-match model calculation procedure. The ultra-wide spectral range ellipsometry data collected from four different instruments were analyzed simultaneously using a single model (see ESI †).
Theoretical models and approaches
This section introduces the standard Drude model, discuss different modifications used for ECPs and describe the DL model based on a Drude term and multiple Lorentz oscillators.
The Drude model
The most basic optical conductivity model for conventional conductors is the Drude model, which has been widely applied to explain the optical properties of metals and inorganic conductors. 56 The Drude model treats the electrons as an incompressible charge fluid with zero resonance energy due to lack of a restoring force. The carriers experience friction upon movement under the influence of a time-varying electric field, which leads to broadening in the dispersion of the frequency dependence of the optical conductivity. Referred to as plasma broadening, the friction can be interpreted as the result of carrier-carrier scattering and/or collisions with molecules, atoms, or ions. 33, 56, 57 The optical conductivity s D and permittivity e D in the Drude model are then described by the plasma frequency (o p ) and the momentum-averaged scattering time (t), 32, 57 alternatively by the charge density (n) and the mobility (m):
where e is the elemental charge and m is the effective mass of the charge carriers. 18, 57 Fig. S1 (ESI †) exemplifies typical Drude dispersion and its dependence on n and m. The DC conductivity is defined as the optical conductivity value at zero frequency (s D (0) = nem), which should then be equal to the electrically measured conductivity for the material of interest.
Previous modifications of the Drude model applied to ECPs
The optical conductivity of most ECPs deviates from Drude behavior in the longer wavelength range, especially in the range of a few to tens of THz. 16, 22, 25, 51 The most striking deviation is the appearance of a peak in the real optical conductivity in the FIR or MIR ranges followed by reduced conductivity for vanishing frequencies (illustrated in Fig. 1(a) ). Likewise, two zerocrossing points (instead of only one for the Drude model) have been observed for the real permittivity, forming a minimum in its dispersion curve. 14, 17 Modifications of the Drude model to account for these deviations include the LMD model and the DS model. 14, 17 The LMD model considers charge transport to be limited by disorder-induced weak localization effects, 58 with optical conductivity and permittivity described by:
14,23,24
where e LMD 0 , e LMD 00 , s LMD 0 , and s LMD 00 are the real and imaginary parts of the permittivity functions and optical conductivity from the LMD model, respectively. C is a universal constant of the order of unity. k F and v F correspond to the Fermi wave number and the Fermi velocity, respectively. 14, 24 The term 2 represents the effect of spatial charge carrier localization. 14 Typical LMD dispersion curves are shown in Fig. 1 59-61 Such divergence has been suggested to be related to the metal-insulator transition, but no direct evidence of divergence has been observed at low frequencies. 23 On the contrary, results from THz time-domain spectroscopy (THz-TDS) indicated a relatively flat dispersion in the THz range for highly conductive ECPs. 16, 51 The DS model instead modifies the Drude model by considering successive charge carrier collisions with (immobile) ions. 17 In this model, the carrier velocity after each collision reduces (scales) by a parameter C n , where n denotes the number of collisions. C n has to take a negative value between À1 and 0, which implies that these charge carriers are backscattered instead of being scattered along their original direction. Only considering the first backscattering event, the DS model is expressed as:
where C 1 is the backscattering parameter for the first collision. Typical DS dispersion curves are shown in Fig. 1 (f-i) (also Fig. S2 (e-h), ESI †). A major difference from the LMD model is that the real permittivity of the DS model does not diverge but reaches a plateau and approaches a finite value for vanishing frequencies. The DS model turns back to the Drude model for C 1 equal to zero, indicating no backscattering. In this sense, C 1 could also be related to the proportion of so-called
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'backscattered' carriers in the material. However, the exact physical meaning of the parameter C 1 is ambiguous, because it introduces an additional average estimate on carrier scattering probability, which has already been described by the scattering time t in the original Drude term. 62 Both the LMD model and the DS model base the optical conductivity on a conductive free charge carrier term (the Drude term, dashed lines in Fig. 1 ) that is suppressed by modification terms based on negative-amplitude oscillators. As a result, the effective electrical DC mobility and charge density of the material are not represented by the parameters of the Drude term. Since it is not clear how charge density and mobility are individually reduced by the modification terms, it is not straightforward to separately determine these quantities. As example, the DS model has been reported to overestimate charge mobility and underestimate carrier density. 16, 51 In addition, neither the LMD nor the DS model account for molecular vibrations, which are important features that contribute to the optical conductivity of organic materials. Although some research implied that molecular vibrations are of minor importance, deviation between experimental data and model fits indicates that not accounting for molecular vibrations may lead to erroneous determination of the charge carrier properties (as the molecular vibration contributions to the optical conductivity may then instead be casted into the carrier transport). 14, 22, 23, 29 It would therefore be valuable to develop a model for the optical conductivity of ECPs that accounts for molecular vibrations and can accurately determine both optical and electrical properties of the material.
The Lorentz oscillator and the Drude-Lorentz (DL) model
Reflectance and transmittance of ECPs show pronounced spectrally narrow peaks in the infrared (IR) range, which are clear signatures of vibrational modes. 14, [22] [23] [24] Polar molecular vibrational resonances, related to vibrations or stretching of bonds in the organic materials, contribute to the optical conductivity (and permittivity) in addition to the charge carriers. 19 These resonances can be represented by Lorentz oscillators:
31,32 
Lorentz oscillators have previously been successfully employed to account for molecular vibrations and interband transitions in ECPs, 15 ,31 and we here demonstrate that they can also reproduce the anomalous non-Drude behavior of ECPs and thereby provide an alternative description to the LMD and DS models. Fig. 1 (j-m) (also Fig. S3 , ESI †) show typical dispersion curves for the DL model based on one Drude term and one broad Lorentz oscillator. It is clear that the addition of a single Lorentz oscillator to the Drude term can produce the typical non-Drude behavior observed for ECPs, without leading to any divergences. Furthermore, the contribution from the Drude term to the real optical conductivity (dashed line) is not suppressed at low frequencies as for previous models, but instead directly represents the DC electrical behavior of the material. Fig. 1 was obtained by first fitting the three models to a 'target' (Fig. 1(a) ) in the form of a typical real optical conductivity dispersion for an ECP. The target resembles the commonly obtained results from reflectance measurements. All three models can to good extent reproduce this target. Based on these fits, we then retrieved the corresponding imaginary parts via eqn (6), (8) , and (12), which show some differences (see Fig. 1(c, g and k) ). More drastic differences are found when converting to the real permittivity. Hence, even if all three models can reach an excellent fit for the real optical conductivity, the derived real permittivity and thereby the corresponding model information can be substantially different. This illustrates a common issue for data analysis based on experimental results of only one part of a complex-valued parameter (the real optical conductivity in the example) and retrieving the other part by Kramers-Kronig transformation. In that respect, we note that SE measures two quantities (c and D) and can directly provide both the real and imaginary parts of the complex-valued optical conductivity via fitting to the experimental data. This makes SE highly suitable for characterization of complex optical conductivity and permittivity dispersions.
Results and discussion
4.1 Ultra-wide spectral range ellipsometry data analysis for PEDOT:Tos Fig. 2(a) displays the chemical structure of the chosen model ECP, PEDOT:Tos. The Tos counterion carrying negative charge acts to maintain charge neutrality of the system. Therefore, the concentration of tosylate ions equals the positive charge (hole) density of the PEDOT. We employed SE (schematic illustration of SE measurement is presented in Fig. 2(b) 
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) to measure the real and imaginary parts of the complex-valued reflectance ratio of PEDOT:Tos thin film (thickness measured by profiler to be 180 AE 10 nm), and to derive the optical conductivity (permittivity) by the DL model approach. The four spectral windows for the ultra-wide spectral range ellipsometry are illustrated in Fig. 2(c) as THz (red), FIR (yellow), MIR (green), and UV-Vis-NIR (blue). The experimental SE results are shown as red and blue solid curves in Fig. 2(c) .
Initial fitting attempts employed an isotropic DL model, with the best-matched model curves presented in Fig. S4(a) (ESI †). No satisfactory fit could be obtained, with significant deviations from the experimental features in both UV-Vis-NIR and MIR ranges. Optical anisotropy has indeed been reported in the UV-Vis-NIR range for thin PEDOT:Tos films and confirmed by structural characterization. 15, 66 We found that the anisotropy is also crucial for the MIR range, where most previous studies treated PEDOT films as isotropic. 31, 32 Based on this finding, we introduced a uniaxial anisotropic model with two directions: in-plane (or ordinary axis, parallel to the sample surface) and out-of-plane (or extraordinary axis, normal to the sample surface). At wavelengths beyond MIR we treated the film as isotropic due to limited sensitivity to the out-ofplane component in the FIR and THz ranges. We further required the Drude term's carrier density n to be the same for both axes, while allowing the mobility m to be different. By implementing several different Lorentz oscillators (including interband transitions in UV-Vis-NIR and molecular vibration resonances in MIR), the best-match calculated model exhibits excellent fit to the experimental data (grey dotted curves in Fig. 2(c) Lorentz oscillators fixed and only varying the Drude parameters and thickness could directly provide a good fit (see Fig. S7(a) , ESI †). Varying the amplitudes and broadenings of some of the Lorentz oscillators further improved the results to an excellent fit (Fig. S7(b) , ESI †). Indeed, such modifications are expected based on variations in the polymerization kinetics between films with different thicknesses. As for the thin film, the thickness obtained from the model (316 AE 3 nm) agrees with the thickness measured with a profilometer (310 AE 10 nm). Fig. 3 presents the optical conductivity and permittivity dispersions of the thin PEDOT:Tos film obtained from the best-match calculated DL model results (green curves), for both in-plane and out-of-plane directions. The model correctly reproduces the well-known non-Drude features of ECPs, including the real optical conductivity peak and the two zero crossings for the real permittivity. For comparison, we also present results obtained using the LMD (blue curves) and DS (red curves). For these two models, molecular vibrations were not included, while we implemented interband transitions in a similar way as for the DL model (the Lorentz oscillators in UV-Vis-NIR range). As expected, the three models show similar overall behavior for the in-plane real optical conductivity (Fig. 3(a) ). This means that the Lorentz oscillators positioned in the MIR range for the DL model produce a similar non-Drude peak as the other two models, but with more fine features originating from contribution of spectrally narrow molecular vibrational resonances. We also identify a real optical conductivity peak in the THz range for the DL model, implying the existence of weakly localized charge carriers. This also leads to a clear feature in the real permittivity dispersion (Fig. 3(c) ).
We note that the real permittivity dispersion obtained from the DL model, derived from the excellent fit of the ellipsometric data in the THz range (see Fig. 2(c) ), shows no trend of divergence. After the expected increase in the MIR range for decreasing frequencies (producing the 2nd zero crossing), the real permittivity reaches a plateau and approaches a constant finite value for lower frequencies (see Fig. 3(c) ). This result is in agreement with findings from THz-TDS measurements of similar material systems. 51 Besides Lorentz oscillators accounting for anisotropic interband transitions in the UV-Vis-NIR range, several in-plane and out-of-plane oscillators were required to accurately capture the anisotropy in the MIR range, especially to account for the spectrally narrow features between 0.15 eV to 0.25 eV (Fig. 2(c) and Fig. S5, ESI †) . These vibrational resonances contribute significantly to the anisotropic optical conductivity and permittivity, which is not captured by the simplified models without molecular vibrations. Comparing the in-plane and out-of-plane real optical conductivity (Fig. 3(a and e) ) or real permittivity (direct comparison is presented in Fig. S4(b) , ESI †), we find substantial differences. Along the out-of-plane direction the PEDOT:Tos acts as a dielectric with a flat and almost constant curve topped with several resonance features due to interband transitions and molecular vibration resonances. By contrast, a significant conductivity of the PEDOT:Tos is revealed in the in-plane direction. We finally note that the permittivity dispersion derived from the isotropic DL model is, despite the worse fit, similar to the in-plane permittivity obtained from the anisotropic DL model (Fig. S4(b and c) , ESI †). This could be due to the lower experimental sensitivity for the outof-plane direction (only the vertical component of the p-polarized light can probe the out-of-plane direction as indicated in Fig. 2(b) ). Even with multiple incident angles, 34 the extraordinary direction has less impact on the overall optical properties of the system.
Comparison of extracted parameters with independent electrical measurements
We performed independent electrical measurements to evaluate the accuracy and reliability of values extracted from the SE data analysis using the three different models. We also applied the DS model to a more limited spectral range from 0.2 to 3 THz to resemble typical application of the DS model to THz-TDS data 16, 51 (denoted DS-THz in Table 1 and the results are shown in Fig. S8 , ESI †). All results are summarized in Table 1 . As detailed in the Experimental section, we measured in-plane conductivity by the 4-point probe method and charge density by electrochemical chronocoulometry (see Fig. S9 , ESI †). The ratio between in-plane conductivity and charge density then gives the in-plane mobility. These values are presented as 'Electrical' in Table 1 and they agree well with values reported in literature (see Table S1 , ESI †). From the SE results, the DC conductivity was determined from the real optical conductivity at zero frequency, via eqn (6a), (8) , and (12) using the best-match parameters of the four model fits. The DC Drude conductivity (s D ) was calculated as the real optical conductivity of the respective Drude component at zero frequency. We further introduce a modification ratio parameter A to describe the ratio between the DC conductivity and DC Drude conductivity. The DL model directly gives the effective DC conductivity s(0) as s D (0), while the other models require application of the modification ratio A on s D (0) to obtain the effective material properties.
We first note that all four models give in-plane DC conductivity values that are within the uncertainty range of the electrically measured value of 670 AE 50 S cm À1 , although the DL The slightly lower electrical value may be due to the fact that the electrochemical characterization is applied to the whole area of the sample, also including less conductive and/or defective regions around the edges. ) provide values that are much higher than the electrically obtained mobility. However, assuming that the modification parameter A acts only on the mobility and not on the charge density gives a good agreement for both parameters for the LMD model, while both parameters are inaccurate for the DS model. It should be stressed that the error bars extracted from the DL model are much smaller compared to the error bars obtained from the LMD and DS models. The results illustrate the value of the DL model in terms of providing nonmodified parameters that directly correspond to the electrically measured values at high precision.
We introduce anisotropy ratio as the quotient of the in-plane DC conductivity and the out-of-plane DC conductivity. The calculated ratio from the DL model demonstrates a pronounced anisotropy with a ratio of 20. This is in good agreement with reported values (see Table S1 , ESI †) for PEDOT based materials. [67] [68] [69] The LMD model predicts similar behavior (although with less certainty), while the DS model predicts an anisotropy of only 5.7 (with a very high uncertainty). We finally note that restricting the spectral range for the DS model to the THz range ('DS-THz' in Table 1 ) leads to underestimated carrier density and highly overestimated mobility (more mobile than most inorganic semiconductors) even though the best-match model curves (Fig. S7, ESI †) show a good fit to the experimental data in the limited range. These errors are related to inaccurate estimation of e N from not accounting for the strong frequency-dependence beyond the THz range. We also note that restricting the spectral range to the UV-Vis-NIR could also provide good fits, but with large variations in determined electrical properties. This highlights the importance of applying the model fitting in a wide spectral range (here UV-THz) to extract accurate parameters. We conclude that ultra-wide spectral range ellipsometry in combination with the DL model forms a powerful methodology for non-destructive and non-contact accurate measurement of optical and electrical properties of ECPs.
Separating contributions from different processes to the optical conductivity
We will now discuss the optical conductivity and permittivity in more detail based on the results from the DL model. From the best-match calculated parameters, we identified 37 in-plane and 14 out-of-plane Lorentz oscillators, as presented for the in-plane direction in Fig. 4(a and b) together with their contributions to the optical conductivity (the contribution from the Drude term was removed for clarity). The amplitude, broadening, and resonance energy (frequency) for each Lorentz oscillator are indicated in Fig. 4(c and d) .
Information on interband transitions are provided by the oscillators in the UV-Vis-NIR range, where we find three inplane transitions as well as two out-of-plane transitions (see Table S2 , ESI †). The positions of the in-plane oscillators agree with UV-Vis-NIR absorbance measurements (see Fig. S10(a) , ESI †) and also with reported transitions occurring in PEDOT materials (see details in ESI †). 63, 70 Turning to the molecular vibrations, they are identified as spectrally narrow resonances in the MIR and FIR ranges (grey in Table 1 Electrical measurement and fit parameters based on the different models: the charge density, the charge mobility, the DC Drude conductivity, modification coefficient of the Drude model, and the DC conductivity of PEDOT:Tos thin films. DS-THz stands for the DS model only applied within 0.2 to 3 THz range. Modification A is a parameter describing the fraction of DC Drude conductivity that is retained after modifications from different models ), respectively. 70 The absorption bands at 522 and 579 cm À1 in FTIR spectra (Fig. S10(b) , ESI †) are associated with the Lorentz oscillators at 0.05 to 0.07 eV, indicating the C-O-C bond deformation. 70 We stress that these molecular vibration modes collectively contribute significantly to the overall real optical conductivity, on their own forming a clear peak that resembles non-Drude behavior of ECPs. In that respect, neglecting vibrational modes and instead parameterizing the fitted curves to capture only the overall broad envelope of the experimental data (i.e. the optical conductivity peak at low frequencies) can overestimate the non-Drude behavior originating from other mechanisms. 14, [20] [21] [22] [23] [24] [25] While most Lorentz oscillators located in the MIR and FIR ranges can directly be considered as molecular vibration resonances (confirmed by FTIR, see Fig. S10(b) , ESI †), we also identify oscillators with comparatively larger broadening (indicated by brown lines in Fig. 4(b-d) ) that cannot be regarded as single vibrational resonances. One option would be that they originate from the combination of multiple closely spaced molecular vibration resonances with similar amplitude or other localized charge processes with broader energy distribution. Hwang et al. studied the IR reflectance spectrum of PEDOT:ClO 4 À with different doping level and analyzed their real optical conductivity dispersion. 65 In their work, they tuned the optical conductivity by reducing the doping level of the system and find that the molecular vibration peaks remained with reduced intensities, while the broad features disappeared together with the Drude background. This suggests that the broad features are not molecular vibrations, but related to charge transport. The Drude term and the broad Lorentz oscillators thereby together represent the effective envelope originating from polaronic charge transport behavior in the material, which could be thought of as a charge transport function. In turn, the possibility to determine the charge transport function with our methodology may be valuable in gaining better understanding of the relation between polaronic hopping transport and optical conductivity in these systems. Finally, we identify one Lorentz oscillator in the THz range with characteristic energy of 3.5 meV. This feature may be related to low-frequency molecular phonon modes 71 or a signature of localized charge transport, 72 although further studies are needed to exclude influences from this resonance being spectrally close to the transition between the MIR and THz instruments.
Conclusion
In summary, we present the anisotropic optical conductivity and permittivity of highly conductive PEDOT:Tos thin films in the ultrawide spectral range from 0.41 meV to 5.9 eV. This is based on spectroscopic ellipsometry and fitting to a Drude-Lorentz (DL) model that accounts for both molecular vibrations and non-Drude charge transport. We find that molecular vibrations play an important role for the correct interpretation of the optical conductivity and permittivity dispersion, contributing significantly to the overall nonDrude behavior. Moreover, the DL model, combined with the ultrawide spectral range ellipsometry, is proven to be an effective approach for also determining the (anisotropic) electrical properties of thin conductive polymer films, with high precision and accuracy. By only tuning thickness and Drude component, the model could easily be applied to different PEDOT:Tos samples. In summary, the combination of the DL model with spectroscopic ellipsometry forms a powerful tool for non-contact and damage-free approach for accurate optical and electrical characterization.
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